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ABSTRACT
A review of the current problems in galaxy formation with dark matter is
made. Most of the difficulties may be eliminated if Quctuations can be generated
in the early universe that are not carried by the matter until matter domination,
then baryons alone can form galaxies and clusters. Such Huctuations can be pro-
duced by Graad Unified phase transitions such as the breaking of 0(32) or E(8) x
E(8) whick produce cosmic strings. However, to be consistent with the critical

density universe required by Inflation one still requires an additional non-baryonic
component.

A major problem in cosmology today is the formation of galaxies and clusters in the
universe. The problem has become quite focused as cosmologists have accepted grand unified
theories, GUTs, for the production of baryons in the nniveml, apd inflation yielding a flat

universe, i.e, {1,==1, if the cosmological constant is assured to be equal to zero. (2 is a measure of

38
the present cosmological density in units of the critical density p,;,.,=—-tl Such models suggest

8nG’

adiabatic primordial density fuctuations® with a scale-invariant power spectrum §,°x Ak The
amplitude A which depends on the individual GUT model can be constrained by observations. A
lower bound comes from the requirement that A is large enough to produce the present degree of
clustering (assuming that observed galaxies are a fair tracer of the overall mass distribution}.
Since an adiabatic density fluctuation necessarily induces fluctuaticas in the cosmic microwave
background (CMB) temperature, at the epoch of the matter radiation decoupling, at a redshift z
~~ 1000, an upper bound is found in order to be consistent with the observed CMB smoothness.
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The motL receni and sensilive upper Iu'ml:l on the CMB anisotropy shows Lbat i}gi‘bx 10%, on

o aogular ecale of 4" 5 i:;:(l)(lﬂ4 oo an  mogular scale of 6°, quadrapole

[
aoisotropy <Tx 10T I is known that LA grows hoearly wath the expanrinn uf the uanerse
P

uotil Lo Ias acbiesed (fur an open universe, (1,<1, growth stops effectnvly at a redshifi
P

=1/, Using the above assuinptions, detailed calculations of the small srale CND anisotropy
have ruled out pure barvonic universes Jor any choice of an initial adiabatic s-3befree random
phase pawer sprruum' Then, atiention has been focused on cowmologies dununated by nom-
collisional relics of the early universe. Popular options included massive mpeutrigos, phbotinos,
gravilioos, axions, planetary mass black holes, quark nuggets, etc. The only distinctive feature
among these different candidates. as far a3 galaxy formalion is concerned, is the velocity disper-
sion: onc relers to cold matter when the rma particle velocity is vanishing amall, relstive to the
Hubble Sow, and to ot matter when the opposite bolds up to some redsbift, comparable Lo or

smalier than the redshiflt of matter radiation equality 5.

In the bot matter case (the leading candidate being neutrinos), with m,~[10-100)¢V, son-
collisional damping due ta free-streaming erases all the information on galactic scales, and 3 top-
down scepario is expected in which galaxies form through fragmestatios of larges systems At
least three points seem to suggest that this scenario is in dilficulty. Numerical simulaticos of the
boc-limear evolution of sttuctute im a peutrino domipated universe show that galaxy formalion
occurs oo lale < 1) to be consistent with the observed bigh redshift quuzrs6 Moreover, both
the large scale peculiar vclouly7 and the dipole lmwtrop_\'a exceed the observed values, if one
forces galany formation times to be consistent with the existeace of quasars at 2 redshift ~ 3 and

with & reasonable age for the universe.

In the cold dark malter sceaario, non-collisional dampiog pbesomens are absent and deosily
Ructuations are present down (o subgalactic seales. A botlom-up scenario is expected o which
small scale steucture forms Srst to cluster bierarchically on bigger and bigger scales. The advan-

tage 15, with respect to ihe bhat case, that bigh redshift quasars are oaturally expected However.

ibe cold matter acennrio also seems to dave ity own dilliculties O ooe band. caleulations? of the
CMB foe scale anisolropy is (he cold dark matter domisated case require (150 4 uf the upiverse
& older than 13x 10" years as required by globular cluster age obsers J.Imuam Un the other
band, aun-ligear cold matter calealations are able o it obsey atiuns of the Lo poant galavy corie-
latia Tunclivn by requinag §1.=0 2, but even theo, they ooly margmaly Bt purwise galang selo
ity dupuslun” The problems with cold matter become severe if we require (=1 35 implied
by infation and arcecitated o we are ool to live at a speaial comudogical rpoch. Culd matter
clymps on small scales but 3 imphied by small scale obsers ations s sigoibeantly Iess thao
woity V31

Attempts at remedying the sitastion with a hybrid mixture of bot and cold matter fatt?
due 10 the hot matter's damping the low mass scales and thus preventing the cold particles from
rapidly clusteriug It is possible o create a3 solution where non-batyonic particles decay to hot
ones,"’ but the particle pbysics of such 2 solution is very ad hoc, requiring much Bne tuoing W

achieve agreement with observations.

[t is also possible to save the cold scenanio if the additional assumption s made thal light 15
801 a0 uabiased tracer of mass and that there are many clumps of cold matter sod baryons which
are not shining, thus epabliog 11 to be unity. It bas been |huwn” that if gataxies only form in
Vhe higher praks of the Buctumtion density lield, they are more carrelated thap the overall mass
distribution and the won-tinear simulations can be reconciled with the observations’'. There are
some polestial difliculties  Such a solulion implies 2 very smooth Suctuation deusity feld mbach
yields a low darge scale peculiar velocity Beld The cureent data are sull very uncertao, but jf
velocities as high as 350kms™ are conlirmed, a biased dark matter scenano would be so
dlﬂlﬂlllj’.a. Moreover. in the bias model, the two-point galaxy correlation functivn £4dr) and the
two-point cluster correlation Tunction, £ §¢) are predicied Lo be pmpnnmuul[g Current obsen -
|imn.Ig show that £ is pasitive out to t > LUOMpc while there os evidence that £, €0 un seales of
~20Mpc. In fact, suy scale nvanant power spectium must yield a oegative £ by a few Lens of

Mpc. Finally, it should also be meationed tbat a pbysical meckanism to produce biasing musl be



able amsotropes in the CMB, present limita do oot rule out the strings needed for galaxy forma-
iiam.

It is also inleresting that striogs yield non-tapdom phase luﬂuauon:‘a’ thus providing 2

31,32

way to undesstund very large-scale pon-linear fuctuations o today's umiverse, whether

33, they

super-clusters of voids. Although present observaticos do not require too-random phases
should yield & Iractal of dimession D ~ 1, which corresponds well with the galaxy-galaxy and
cluster-cluster correlation functions, and Bts well the requirements for scale-free clumping ST
interesting that the two current best candidates for a super-upified Theory of EvenythicgiTOE ),
0{32) and E{(8) x E{8) both break at the GUT epoch inko cosmic utrin;l‘“

Unfortunately, neither strings por cold dark matter by themselves address the large wcale
R . R . 5111213 . .
dark matier problem of inBation implyiag {lgmt, while clustered matter implies
R,<0.2. This problem is solved exiraordinarily well by hot matter, since the patural minimum
eollapee lcale,aﬁ

My~ 32 10" m¥y e V),
gives a good fit, for 10 to 30 eV peutrinos, to the large scale stzucture of the universe. Although

this was am initial sapport for bot matter, the oeutrino and other bot candidates subsequeatly lell

o the difficulties meationed earlier.

A eolution which ¢an save the hot sceaario (which has always been mice for obtaining (1y=1)
and retain dark baryonic matter as the solution Lo the dark balos is to bave a hybrid of strings,
bol matier and the baryons which are required by pucleosynthesis anyway. In such a hybrid, the
hot matter will begin to fall into the Buctuations created by the siringy ooce the hol matter dom-
inales over radiation, Again, string Buctuatioos will exist isothermally for all scales greater than
galaxy 6:ve; however, phase npace constraint.sn plus the peutrino Jeans mass will prevent large

pumbers of neutrinos from clustering on amall scales, thys keeping (1 d low  As before,

clusiere

baryoas will fall ivto preexisting Huctuations once they decouple from the radistion, so wo conflice

wilh -J—T eeed occut.

T

~a

It is interesting that 3 major difference between the diflerent solutions w Lhe {ig==1 prublem
s where the dark baryons go o the bias models, Lhe dwrk baryoos are not ae.ociated with galax-
tes of clusters, whereas i the hot plus strings scenasio. the dark baryons form the balos of galar-

ws. Siace baryons are, 1o principle, observable, this must lead to observationsl tesis

In summary, a process such as GUT-strings conuiag out of the early woiverse, whih yields
gravitational poteatial fluctuations that are anly coupled by gravity to matter, is exceedingly use
ful tor gataxy formaticn, and can solve maay difficult aspects of the cosmological dark matter

proliems
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identified. Up to sow, the eriterin for clumps of mailer shiving or not shining is sd hoc, however,
allempts st qounatifying the situation sre being d"elnpedm, {Hot tmatter might also be saved
with light's oot traciog the mars, but with the assemption that higher density clumps don't shine
i any Fifband, while eold requires the low density clumpe oot-An shine  Howeves, the original
wey was to have 5 hiased galaxy formation a8 a consequence of a statistical effect due to the pres.
ence of amall acale Buctmations on galactic scale, superitnposed ob largr scale Buctuations. In Lhe
massive prutnimo case thas seems to be more artifivial ]

o disryssing the un<een matter. it must be remembered that Big-Raog nurIeosynthrsisn
argues that the fraction of the eritical demsity in baryons, f1, cannot exceed 0.15, sad when com-
bined with age arguement. muslm exceed 003, whereas the light emittiog regions have Q<001
Therefore, some of the barvons musi be dark. Since the dynamics of [ah:(ies22 in binaries and
small groups imply 11--01 , and even the dynamics of the largest clusters don't imply sn 1
signilicantly greater, it w patural to sasociate the dark baryoos with the dynsmical ln.lm,23
slthough this is by eo means mandatory. (Dark baryoos could?* be in the form of black boles, or
very low maw, low-laminosity stars or “‘Jupiters™, if the initia) mass fupction is strongly peaked
at the Jow end.) 1o other words, a pure baryonic universe with [}~~0.1 ia perfectly consistent with
the obeervations™. [t i only the theoretical argumeats favouring =1 snd the need to rapidly
form galaxies that cause problems.

It primordial Suctwations could be generated which are oot carried by the matter, but

semrain pristine oetil matter beginn to lall into them near the time of recombination, then the
o T . - . ;

matter and radiation can be kepl smonth (small T' yntil recombination, without any damping

dus lo freeatreaming of radiation viscosily. After baryooic matter decouples from rudiation, it

ean fall into the pre—existing potential wells, Thus, as in the old isotbermal view, limits on %1;

imply weaker comstraints on the amplitude of the primordial Auctuation spectrum. Wilson*

demonstrated that the cosstant power Buctualion spectrum (o=1) for initially isothermal pertur-

batione naly vield i-r[—-'.’x 17 ® white still baving 6—"‘»40‘* al radiation decoupling, 6o that L1
2 4

can exceed wnity today.

Previously. such a possibility of a Buctuation being vorelated Lo matter was thought impon-
sible given the nred for GUT's to generale barvons, but GUT phase transitions which Jead to

{7

" ]
cosmic strings's can give just such a situation ™

Ip such » situation, the GUT phase breaks via Blaments rather than bubbles, analogous to
bow some condensed malter phase transitions produce needles rather than grains. Large classes of
GUT models can break io this mancer. (o crder 1o be consistent with our universe, it would slso
be pice if such models also yiclded their monopoles at a bigher mass scale, 30 they could be

infiated away while producing the strings at the end of the traasition.)

Strings beft on lengih scales larger than the boriton survive. As they cross or fragment Lo
produce loops, gravitaling seeds ate forined which become the Ructuations thal matter can fall
upom once maltes dominates the energy deosity of the universe, aad, in the case of baryons, once

the matter decouples from the radiation.

Vilenkio™ snd Turock?” bave shown that the Buctoation spectrum produced by wuch
strings is, like in other GUT cases, just » Harrison-Zeldovich type with constapt power on all
scales > M, .. {Scales smaller than this are radiated away by the gravitstional radiation from

the emall 1oops of string )

The etergy density left is strings varies with the model. To avoid the problems of string
dominated lmi\rtrsts,m it is only mecessary that the energy demsity left in strings, p, be

< Ppaer I particulat, from limits on i]'z' we obtain 2-»—"—-(10‘\ Hogan and Rees™®
4

aatter
have paioted oul that strings of this magnitude will gravitationally radiate, and that such radia-
tion will eventually modulate the gravitational radiation from the gravitational decay of Lhe
binary pulsar's orbit  Thus, eventually one might hope to see evidence for the e:,tis!ence of such
siringa from the timing of the binary pulsar. The current measurements are not yet sufliciently
accurate. Kaiser and Stebbins™® have shows that in addition to the CMB anisotropes produced by

fuctualions st the last scattering surfare, strings can directly produce small but patentially obsey-
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